Theory of Polymer Ablation by G.D. Mahan
Theory of polymer ablation
G. D. Mahan, H. S. Cole, Y. S. Liu, and H. R. Philipp 
 
Citation: Appl. Phys. Lett. 53, 2377 (1988); doi: 10.1063/1.100235 
View online: http://dx.doi.org/10.1063/1.100235 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v53/i24 
Published by the American Institute of Physics. 
 
Related Articles
Laser produced streams of Ge ions accelerated and optimized in the electric fields for implantation into SiO2
substrates 
Rev. Sci. Instrum. 83, 02B305 (2012) 
Formation of metallic colloids in CaF2 by intense ultraviolet light 
Appl. Phys. Lett. 99, 261909 (2011) 
Study on characteristic parameters influencing laser-induced damage threshold of KH2PO4 crystal surface
machined by single point diamond turning 
J. Appl. Phys. 110, 113103 (2011) 
Thermoelectric conversion via laser-induced voltage in highly textured polycrystalline NaxCoO2 ceramic 
J. Appl. Phys. 110, 103102 (2011) 
Surface transport of energetic electrons in intense picosecond laser-foil interactions 
Appl. Phys. Lett. 99, 171502 (2011) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
Theory of polymer ablation 
G. D. Mahan 
Department 0/ Physics, University of Tennessee, Knoxville, Tennessee 37996, and Solid State Division, 
Oak Ridge National Laboratory, P. O. Box 2008, Oak Ridge, Tennessee 37831-6030 
H. S. Cole, Y. S. Uu, and H. R. Philipp 
General Electric Corporate Research and Development Center, Schenectady, New York 12301 
(Received 5 October 1987; accepted for publication 28 September 1988) 
A new formula is presented for the etch depth I per pulse of an excimer laser of fiuence F. 
Incremental ablation is defined as the etch depth per pulse after many pulses. We show that I is 
proportional to F, rather than in (F). 
The light pulses from short-wavelength excimer lasers 
have been shown to etch dean holes in polymers. I •2 This 
process has numerous applications in medicine and in the 
manufacture of integrated circuits.J.4 Here we examine the 
theory of this process, and derive a new and simple fommb 
for the etch depth I per pulse for a laser of ftuence F. 
Experiments have shown that the ablation process is not 
just due to local heating, but involves some other process 
which presumedly is bond breaking. Define n(x,t) as the 
number of broken bonds per unit volume at a distance x from 
the surface at the time t. We follow previous theories in as-
suming that ablation occurs whenever this bond breaking 
density exceeds some threshold value nr.5 -8 
The first laser pulse produces a damage profile given by 
Beer's law of" = ifaF /hv)exp( - ax), where a is the ab-
sorption coefficient, hv is the photon energy, and / is the 
fraction of absorbed photons whi.ch break bonds. 
1= (l/a)!n[F/FT]fJ(F-Fr), 
FT = hVtlT/aJ, 
0) 
where () is the step function. This formula has been widely 
used to interpret ablation data.4,6-1 1 The initial experiments 
seemed to show that I is proportional to In (F), although the 
range of values for F was smalL Recent experimental plots 
for large ranges of F show that Eq. (1) is not obeyed. 7, 12 
Experimental data are usually taken by averaging over 
many laser pulses. A key aspect of our theory is that broken 
bonds remain in the unetched portion of the polymer. The 
exponential nature of Beer's law guarantees that substantial 
bond breaking density remains in that part of the polymer 
which is not etched away. The next laser pulse builds on this 
residual bond breaking density. Equation (1) is only valid 
for the first laser pulse, but is invalid for subsequent pulses 
since it ignores the residual bond breaking. This model dis-
tinguishes bond breaking from purely thermal effects. The 
low repetition rate of the pulses, on the order of Hertz, 
means that heating effects will dissipate between pulses. 13,14 
However, the bond breaking which turns a polymer into a 
monomer seems to have a much longer relaxation time. 
Since the density of broken bonds is low, we can assume that 
their presense does not change physical parameters such as 
the absorption coefficient. 
Ample evidence exists for the concept of residual bond 
breaking density. For polymers of low absorption coeffi-
cient, numerous laser pulses must be absorbed before any 
ablation occurs. 7 This makes sense if the polymer is accumu-
lating residual broken bonds from each pulse. We introduce 
the concept of incremental abalation depth, It is the etch 
depth per laser pulse I after many pulses; that is, after the 
threshold processes are over and actual ablation occurs. We 
show below that incremental ablation has I proportional to F 
rather than to In(F). 
Our theory also employs the concept of a moving melt 
front as introduced by Keyes et al. 15 Typical laser pulses 
have a duration of 5-10 us, during which time the ablated 
monomer can travel many microns away from the surface. 
We assume that the ablated material leaves the light path of 
the laser and no longer causes absorption. Let s (t) be the 
position of the polymer surface during a single laser pUlse. If 
the period of the laser repetition is 2tr , then we consider a 
single pulse during the duration ( - t,,1 r) where the pulse is 
a maximum at the surface at time t~O. The distance marker 
x is defined in a fixed reference frame from where the surface 
is at the start of a laser pUlse. The distance from the actual 
surface is x - s. The rate at which bond breaking occurs is 
dn(x,t) = JaJ(t) exp{ _ a(x - s(t)]}, (2) 
dt hv 
where the laser intensi.ty I (J/cm2 s) is defined in terms of 
the fluence F (J / cm2 ) and the normalized pulse shape i (t): 
l(t) = FiU), 
1" 1 = dt '/(t '). t, (3) 
Equation (2) is solved by direct integration. The residual 
density of broken bonds nl' exp( - ax) i.s taken as the initial 
condition 
n(x,t) = JaF e~ axf'dtliCtl)eas(t,) + nTe- ax. (4) 
hv I. 
The position of the ablation surface s(t) is defined by setting 
n(s,t) = "1 in Eq. (4). Then multiplying each term by the 
factor of exp(as)/n T gives the equation for sU): 
J(t)=e(tS = 1 +).j' "dt1i(tI)JUI)' 
A =/aF /hvn y. 
We differentiate this equation with respect to time, which 
immediately brings us to the equation: 
8JU) = Ai(t)J(t) , 
at 
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FIG. l. Etch depth I vs laser fluenee F for three dilf'eren! polymers. The 
polyimide (PI) data are from Ref. 7 while the polymethylmethacrylate 
(PMMA) and poly(a-methyl) styrene (PS) data are from Ref. 12. 
or 
alJ ds l' 
-en )=a-=Al(t), 
at dt 
which has the solution 
The incrementa! etch depth I is defined as the position of the 
surface at the end ofthe laser pulse, where Eq. (3) is used for 
the integral over the pulse shape i (t) : 
l=s(t,) =Ala=jFlhvl1 r . (5) 
This simple formula is the main result of this letter. It shows 
that the incremental etch rate is proportional to the fiuence, 
and is not directly dependent upon the absorption coeffi-
cient:f and n T may depend upon a. This dependence is quite 
different from the formula given by Beer's law in Eq. (1). 
The fact that I does not depend upon a is reasonable. A 
fraction f of the absorbed photons break bonds. In steady 
state, each pulse breaks a certain number of bonds which 
causes the proportional amount of etching. 
Equation (5) agrees with experimental data for incre-
mental etch depth. Figure 1 shows a linear plot of 1 vs F for 
three different polymers. They were chosen because they 
represent very different absorption coefficients. 16 Polymide 
(PI) and roly(a-methyl) styrene (PS) are strong absorbers 
with absorption coefficients of 4.2 X 10' and 8.0 X 105 em 1 
at A = 193 nm. Polymethylmethacrylate (PMMA) is a 
FIG. 2. Etch depth I pCI' pulse vs the absorption cOelticient a at the laser 
frequency. The data show little dependcnce upon absorption coefficient; the 
latter span three decades of values. All points measured for the same 
flucncc. 
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FIG. 3. Stored heat energy vs total laser energy (fluence times area) per 
pulse. Data points from Ref. 13, where the yoltage reading on the thermo-
couple indicates the stored energy. Line is theoretical curve from Eq. (6) 0 
weak absorber with an absorption coefficient of 
a = 2.0 X 103 cm - I, which requires many laser pulses to 
start ablation. All three show a linear dependence of I npon 
Po The data for PS and PMMA are from Ref. 12, while those 
for PI are from Ref. 7. The different slopes reflect different 
values for the threshold damage density fly and bond break-
ing fraction/. 
Figure 2 shows a graph of etch depth versus absorption 
coefficient for a number of different polymers which are tak-
en at the same fiuence. The results appear to vary by a factor 
of about 2, and to show little dependence upon the absorp-
tion coefficients. These experimental results verify the gen-
eral validity of Eq. (5) The incremental etch depth is inde-
pendent of absorption coefficient and linearly dependent 
upon the laser fluencco 
Our new formula (Eq. (5)] is valid over most of the 
range in values for tluence. At very large values of ftuence 
one gets into the plasma regime, where the polymers become 
ionized and the etch depth no longer increases linearly. Also, 
at very low fluence (F <O.1/cm2) sometimes one finds that 
no ablation occurs regardless of how many pulses are inci-
dent, and there is a slight dependence upon pulse duration. l7 
Obviously our theory needs refinement in order to account 
for these two extremes of experimental parameters. Perhaps 
some annealing of bond damage can occur between laser 
pulses. Nevertheless, the theory works well over the range of 
values which have been reported in most experiments. 
The theory can also be used to model the thermal behav-
ior during the ablation process. We assume that the fraction 
(1 - j) of the absorbed photon energy produces heat. The 
residual heat dissipates away between laser pulses if the repe-
tition rate is less than 50 Hz. 14 If C is the heat capacity, from 
Eq. (4) we deduce that the temperature increase during the 
heat pulse is given by 
6.T(x,t) = (1 - j) aF e - aX8(x - S)J' dtl i(t 1 )eas(t,). C -t, 
Using Eq. (4) we can rewrite this as 
6.T(x,t) = [( 1 - j)hvlfC] [n(x,t) - nTe - "X] e(x - s). 
At the end of the laser pulse we replace n (x,t) by n T 
exp[ - a(x -I)] and s by I.The total heat 1l.H energy re-
maining in the unablated portions of the polymer is found by 
integrating this expression over dx from I to infinity which 
gives 
IiH = (AC la)ll.T(!) = (1 -j)AFT(1 - e - FIFT ). (6) 
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This expression also agrees with the experiments, Figure 3 
shows how this theory fits the data of Dyer and Sidhu 13 
where the voltage reading of the thermocouple indicates the 
stored energy after ablation. The fit has no adjustable param-
eters since we used the values of FT = 36 mJ/cm2 and 
A = 0.0235 cm2 which they suggest. They point out correct-
ly that the stored energy saturates at high fiuence because 
the ablated material carries away the additional heat. From 
their analysis of the data we deduce the fractionf~O. L 
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